Indications for a dimeric organization of the antenna-depleted reaction center core of Photosystem II in thylakoids of intermittent light grown pea plants  by Jahns, Peter & Trissl, Hans-Wilhelm
 .Biochimica et Biophysica Acta 1318 1997 1–5
Rapid report
Indications for a dimeric organization of the antenna-depleted reaction
center core of Photosystem II in thylakoids of intermittent light grown
pea plants
Peter Jahns a, Hans-Wilhelm Trissl b,)
a Institut fur Biochemie der Pflanzen, Uni˝ersitat Dusseldorf, Uni˝ersitatsstrasse 1, D-40225 Dusseldorf, Germany¨ ¨ ¨ ¨ ¨
b Abteilung Biophysik, Fachbereich BiologierChemie, Uni˝ersitat Osnabruck, Barbarastrasse 11, D-49069 Osnabruck, Germany¨ ¨ ¨
Received 31 July 1996; accepted 24 September 1996
Abstract
 .Presently there is a debate and contradictory results on the supramolecular structure of Photosystem II PS II in the
thylakoid membranes of cyanobacteria, green algae and higher plants that is related to the question whether PS II exists as
dimer or monomer in the different membranes. PS II is composed of several subunits. The core complex, the smallest entity
that is able to split water, consists of the subunits D1-D2, cyt b , CP43, CP47, and the 33 kDa protein. In vivo, this core559
complex is connected to peripheral light harvesting complexes: in cyanobacteria to the phycobilisomes and in green algae
and higher plants to the Chl arb binding protein, the LHC II. In in vitro experiments the supramolecular structure of the
core complexes has been found to be dimeric or monomeric depending on a variety of experimental factors.
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Oxygen producing monomers of PS II core com-
plexes can be prepared by detergent solubilization
w xfrom either cyanobacteria or higher plants 1,2 ; for a
w xsummary see Ref. 3 . When isolated PS II core
complexes from cyanobacteria are reconstituted into
w xliposomes they appear to be dimers 4 . Detergent
solubilized dimers could be isolated from the cyano-
bacterium Synechococcus sp. as well as from higher
w xplants 5–8 . It is a matter of the type and concentra-
tion of the detergent and the salt whether dimers or
Abbreviations: IML, intermittent light; LHC II, light-harvest-
ing complex II; P, primary donor; PSU, photosynthetic unit; PS
II, Photosystem II; Q , first quinone acceptor; RC, reactionA
center.
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w xmonomers are observed 9 . In cyanobacteria, dimer
formation may be the result of the binding of the
peripheral light-harvesting phycobilisomes to the re-
w xaction centers, as suggested before 2 . Similarly, in
chloroplasts of higher plants dimer formation could
be a result of LHC II-binding. However, freeze-frac-
ture micrographs of thylakoids of Chl b-less mutants
w xalso indicate dimers 10 .
Freeze-fracture micrographs of thylakoid mem-
w xbranes from cyanobacteria show dimers 4,11 as do
w xgrana membranes from higher plants 10,12,13 . In
stroma lamellae of higher plants, the presence of
monomeric PS II has been shown by freeze-fracture
w xelectron microscopy 10,12 , as has been deduced
earlier from fluorescence induction measurement
w x w x14,15 and chemical analysis 16 . No evidences for
dimeric complexes in higher plants were found by
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w x w xIrrgang et al. 2 and Nicholson et al. 17 . The
current knowledge is discussed in more detail by
w xRogner et al. 3 .¨
An experimental assay to probe the interconnec-
 .tion between photosynthetic units PSU is the analy-
sis of fluorescence induction kinetics under single
turnover conditions i.e., in presence of the electron
.transport inhibitor DCMU . Such fluorescence induc-
tion curves are usually sigmoidal and the degree of
sigmoidicity correlates with the efficiency of ex-
 .change of excitation energy excitons among PSUs.
Only when the exciton transfer between PSUs is
 .totally impossible model of separate units is the
shape of the induction curve exponential. Different
theoretical approaches to the problem have been for-
mulated. The underlying models can be grouped into
w x w xcontinuum models 18 or domain models 19 .
Briefly, continuum theories describe the differently
fluorescing PSUs by concentrations and the extent of
excitonic connectivity by a global rate constant,
whereas domain theories assume an integral number
 .of PSUs domain size, l with perfect connectivity,
while the domains are totally unconnected.
The analysis of fluorescence induction curves from
normal chloroplasts with both theories yields compa-
rable fit qualities and the domain theory yields do-
w xmain sizes of ls4–5 20 . This could mean that
either 4–5 PSUs are perfectly coupled or less e.g.,
.ls2 PSUs are perfectly coupled and these in turn
show some degree of connectivity, possibly mediated
by LHC II.
To circumvent this ambiguity, we address the
question of a possible dimeric organization of PS II
cores in thylakoid membranes of higher plants grown
under intermittent light 2 min light, 118 min dark-
y2 y1 .ness, photon flux density 40 mmol m s , IML .
Due to the strongly reduced Chl b synthesis under
these growth conditions IML thylakoids lack nearly
w xall Chl arb binding proteins 21,22 but nevertheless
w xcontain fully active photosystems 23,24 . They are
further characterized by the absence of grana stacks
w x w x25 and an increased PS IIrPS I ratio 23,24 . Any
superimposed connectivity of PS II units mediated by
LHC II can be expected to be absent in IML th-
ylakoids. Thus our experiments are a suitable ap-
proach to answer the question of the organization of
active PS II core in situ.
 .Fig. 1 top part, dots shows a typical slightly
sigmoidal fluorescence induction curve excitation in
.the green; 530-l -570 from IML thylakoids inex
the presence of DCMU. In this wavelength range
signal shaping by internal light-gradients is minimal,
thus allowing for a reliable analysis of the sigmoidal
phase. The solid line in the top of Fig. 1 represents a
2 parameter fit F rF and scaling factor of the timem o
.axis of the data with the domain theory developed
w xby Den Hollander et al. 19 assuming a domain size
of ls2. The corresponding residuals show only
 .small systematic deviations Fig. 1; lower part . To
judge the quality of the fit and to check whether
 .  .monomers ls1 or multimers lG2 could yield
comparable fit qualities we have plotted the summed
k 2 for all these cases in the inset of Fig. 1, which
shows a clear minimum for the dimer case, ls2.
The data in Fig. 1 are shown without a correction
for PS I fluorescence. If a subtraction of 20% of Fo
is taken into account the clear minimum at ls2 of
k 2 in the inset is maintained. Induction experi-
ments with different preparations from different cul-
tures repeated over half a year gave slightly different
F rF -ratios but the same degree of sigmoidicity.m o
Control experiments with freshly prepared samples
 .not frozen showed systematically higher F rF ra-m o
 . 2tios 4–4.5 but the same distinct k minimum at
ls2. Analysis of the induction curves with a contin-
w xuum theory for fluorescence induction 18 , yielded
comparable fit qualities.
Thus, although our data can not prove the exis-
tence of dimers, they do support a dimeric organiza-
tion of PS II core. Assuming the latter interpretation
holds true, one must conclude that the attractive
forces between CP47-CP43-Cyt b -D1-D2 com-559
plexes omitting several minor subunits belonging to
.the PS II core are sufficient for self-assembly. This
finding does not necessarily contradict the observa-
w xtion of monomers in liposomes 4 since the forma-
tion of dimers may strongly depend on the type of
lipid, the lipid composition, and surface charge ef-
fects. Also, depending on the surface charge, a dy-
namic equilibrium between monomers and dimers
w xhas been proposed 3,9 .
Our result is also compatible with the hypothesis
of a dimeric organization of PS II units containing
the full complement of antenna proteins, like in grana
membranes. The more pronounced sigmoidicity of
fluorescence induction curves in this case can be
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 .  .Fig. 1. a Fluorescence induction dots from IML thylakoids
w x .  .Chl s4 mM suspended in 50 mM MOPS pH 7.0 , 5 mM
MgCl , and 40 mM DCMU. Membranes were isolated from2
 .12-day-old pea Pisum sati˝um L. cv. Kleine Rheinlanderin¨
IML plants and stored at y808C for up to 4 weeks. Excitation
with 490–560 nm light switched by a mechanic shutter at ts0.
Fit of the data by a theoretical curve composed of a- and
b-centers. a-centers are assumed to have a domain size of ls2
 .  .dimers and b-centers one of ls1 monomers . Furthermore
b-centers were assumed to differ from a-centers only by their
quantum yield of primary photochemistry i.e., product of quan-
.tum yield and antenna size , otherwise assuming the same fluo-
rescence properties. Four parameter fit with time base adjust-
ment, F rF , fraction of b-centers, and relative quantum yieldm o
of b-centers. The best fit was obtained with 43% b-centers
having a 41% quantum yield. Inset: Summed residuals of the best
 .fits for different domain sizes, l. b Residuals of best fit shown
 .  .in a . c Residuals of best fit assuming for a-centers ls1.
Two parameter fit with time base adjustment and F rF . b-m o
 .centers as in a. d Residuals of best fit assuming for a-centers
ls3. Two parameter fit with time base adjustment and F rF .m o
 .b-centers as in a .
straightforwardly explained by a situation in which
well-coupled dimers approach each other close
enough to allow energy transfer between them, thus
w xincreasing connectivity 20 . Unfortunately, there is
no theory about connected domains available that
would allow for a corresponding test. It is conceiv-
able that LHC II plays the central role in further
aggregation of PS II. In fact, strong interaction ener-
gies between LHC II are well established. Firstly, its
w xmost stable form is a trimer 26 and secondly, LHC
II is responsible for stacking of membranes in vivo
w x w x27 as well as in vitro 28,29 .
In a separate experiment we determined the an-
tenna size by a quantitative experiment in which IML
thylakoids were excited with a laser diode at 675 nm
where the molar absorption coefficient of Chl a is
 y1 y1. w xknown e f60 mM cm 30 . The analysis of675
such curves allowed deduction of the antenna size by
adjusting the time scales of the theoretical and exper-
w ximental curve to each other 18 . Such fits to different
preparations over a year yielded an antenna size that
varied between 40 to 50 Chl a per P680. Considering
the Chl arb ratio of about 20–40 determined by
.HPLC pigment analysis this result is consistent with
the antenna size of PS II in Chl b-deficient mutants
w x w x31,32 and of PS II core complexes 8,33 . In IML
chloroplasts these Chl a molecules are bound to
CP47, CP43, and the D1-D2 reaction center complex.
Assuming an antenna size of about 90 Chl a for the
w xantenna depleted PS I 34,35 the 2- to 2.5-fold
increased PS IIrPS I ratio in IML plants can then be
understood as a compensation for the smaller PS II
antenna, allowing a balanced electron flow from PS
II to PS I.
Stacked thylakoids of normally developed chloro-
plasts possess a rather heterogeneous PS II. One type
of heterogeneity is made up by the so-called a-,
b-centers. According to current views the a-centers
are located in the grana, are surrounded by LHC II,
 .and have a large antenna approx. 200 Chl a , whereas
the smaller fraction of b-centers is located in the
stroma lamellae, is less connected to LHC II, and has
an approx. 2-fold smaller antenna size than a-centers
w x36,37 . Furthermore, b-centers are claimed to be
w xorganized as separate units 14 . PS II found in Chl
b-deficient mutants and IML thylakoids has been
suggested to correspond to b-centers of normal
w xchloroplasts 38 . However, arguments against this
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 .assignment are 1 a too small Chl a antenna size of
IML PS II 40–50 in IML thylakoids versus 100 in
.  .b-centers of control thylakoids and 2 the presence
of still slow rising phases in the fluorescence induc-
tion curves of IML thylakoids which would indicate
b-centers with still smaller antenna size even in IML
.thylakoids . Therefore, the identity of IML PS II with
usual PS II -centers seems in our opinion unlikely.b
The large variable fluorescence in IML thylakoids
 .high F rF found by us is another interestingm o
aspect, since one would expect rather low F rFm o
ratios due to the lack of grana and the resulting
mixing of both photosystems. In normally developed
plants possessing the complete peripheral antenna
.proteins partial unstacking of the membranes already
leads to a drastic diminishment of the variable fluo-
 w x.rescence for a review see Ref. 39 which is at-
tributed to energy transfer from PS II to PS I. In
contrast to control thylakoids, we found no signifi-
cant reduction of fluorescence from IML thylakoids
 .under low salt conditions data not shown . This can
be explained either by similar trapping times of an-
w xtenna-depleted PS II and PS I 40 or by impeded
energy transfer between Chl a core antennae of both
photosystems, similar to the homogeneous thylakoid
w xsystem of Mantoniella 30 .
Our interpretation of the results implies that func-
tionally fully active PS II core complexes in a natural
membrane may form excitonically well coupled
dimers. Alternatively, excitonically poorly coupled,
but structurally appearing dimers may exist, showing
some connectivity among themselves, that lead acci-
dentally to a very similar shape of the fluorescence
induction curve. Also structurally appearing
monomers might excitonically couple to an extent
yielding the same sigmoidicity. We consider the first
of the three explanations more likely because the
w xdimeric structure proposed by Boekema et al. 5
suggests a more intimate association of the protein
subunits than the coupling of peripheral LHC II to PS
II core complexes in the fully developed membranes
 .antenna size of approx. 200 . For the latter system
excitonic equilibration times of -30 ps have been
found, indicating rapid exciton migration, at least
significantly more rapid than the over-all trapping
w x .time 41 and refs. therein . The equilibration time in
a dimeric core complex should then be significantly
shorter, approaching the infinitely fast equilibration
in a domain. Furthermore, mean pigment-pigment
hopping times occur typically on the time scale of
w xfew 100 fs 42 , so that the prerequisite of a high
excitonic connectivity within a dimer seems to be a
good approximation.
In summary, the data from IML thylakoids give a
further piece of evidence in favour of a generally
dimeric supramolecular organization of PS II in vivo,
w xas suggested in the literature 3 .
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